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Although often considered “minimal” organisms, mycoplasmas show a wide range of diversity with respect to host
environment, phenotypic traits, and pathogenicity. Here we report the complete genomic sequence and
proteogenomic map for the piscine mycoplasma Mycoplasma mobile, noted for its robust gliding motility. For the first
time, proteomic data are used in the primary annotation of a new genome, providing validation of expression for
many of the predicted proteins. Several novel features were discovered including a long repeating unit of DNA of
~2435 bp present in five complete copies that are shown to code for nearly identical yet uniquely expressed
proteins. M. mobile has among the lowest DNA GC contents (24.9%) and most reduced set of tRNAs of any
organism yet reported (28). Numerous instances of tandem duplication as well as lateral gene transfer are evident in
the genome. The multiple available complete genome sequences for other motile and immotile mycoplasmas enabled
us to use comparative genomic and phylogenetic methods to suggest several candidate genes that might be involved
in motility. The results of these analyses leave open the possibility that gliding motility might have arisen
independently more than once in the mycoplasma lineage.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession no. AEOI7308. The following individuals kindly provided reagents, samples,

or unpublished information as indicated in the paper: M. Miyata, T. Knight, and N. Stange-Thomann.]

Often considered the smallest independently self-replicating or-
ganisms, the mycoplasmas are wall-less bacteria characterized by
small physical dimensions and genome sizes (Razin et al. 1998).
Partly because of this latter characteristic, they are currently the
best represented phylogenetic class (Mollicutes) of organisms to
have complete genomic sequences (Barre et al. 2004). Seemingly
having undergone reductive evolution from the Bacillus/
Clostridium branch of the Gram-positive eubacteria, mycoplas-
mas generally have fewer than 1000 genes, perform little de novo
synthesis of required precursors, and are obligate commensals or
parasites (Dandekar et al. 2002; Maniloff 2002). Yet the myco-
plasmas display a wide range of phenotypic characteristics with
regard to pathogenesis, host preference, morphology, and
growth requirements (Razin et al. 1998).

Mycoplasma mobile is one of the flask-shaped mycoplasmas
(~1 pm x 0.3 pm) and was originally isolated from a fish, the
tench (Tinca tinca; Kirchhoff and Rosengarten 1984). It belongs
to the Mycoplasma hominis group of the mycoplasma phylogeny,
which also includes two other sequenced species (Mycoplasma
pulmonis, complete; and Mycoplasma hyopneumoniae, in progress;
Chambaud et al. 2001; Maniloff 1992, 2002). It is believed to be
pathogenic and grows optimally at around 20°C, somewhat
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lower than most other well-studied mycoplasmas, whose optima
are around 37°C, yet its doubling time (~10 h) is within the range
of mycoplasmas with mammalian hosts. However, M. mobile’s
single most defining characteristic is its ability to glide (defined
as smooth translocation while in contact with a surface) on glass
or plastic surfaces at speeds up to 7 pm/sec (Rosengarten and
Kirchhoff 1987). It exerts sufficient force to tow an erythrocyte
(~1000 times its mass) without substantial loss of gliding speed,
and is believed to have its motility apparatus located in the head
or neck region of its flask-shaped cell body (Rosengarten et al.
1988; Miyata and Uenoyama 2002; Miyata et al. 2002). Gliding is
not unique to M. mobile among the mycoplasmas, but its loco-
motion is certainly the most pronounced of species studied thus
far (Kirchhoff 1992). No genes similar to other effectors of cell
motility in bacteria (e.g., flagellae, pili) or eukaryotes (e.g., myo-
sin, kinesin, actin) have been revealed in other gliding mycoplas-
mas’ genome sequences (Fraser et al. 1995; Himmelreich et al.
1996; Chambaud et al. 2001; Papazisi et al. 2003). It was dem-
onstrated recently that gliding is an ATP-powered process and
that M. mobile contains several large ultrastructural proteins that
play a role in surface adhesion (Jaffe et al. 2004b; Uenoyama et al.
2004). However, little else is known about the genes involved in
gliding motility. Therefore, we thought that it would be useful to
know the complete genomic sequence of M. mobile to help elu-
cidate the mechanism of gliding, especially in comparison with
the sequences of other mycoplasmas that are either immotile or
less motile than M. mobile.
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We also sought to use a new combined genomic/proteomic
approach to genome sequencing and annotation called proteo-
genomic mapping (Jaffe et al. 2004a). By this method, proteomic
data are collected concurrently with primary DNA sequence data,
and the two sets are combined to yield an annotation that is
informed by knowledge of the proteins that are produced by the
organism under study. This also affords an opportunity to incor-
porate posttranslational modification information into the pri-
mary annotation when such events can be found. Here we report
the genomic sequence and proteogenomic map for M. mobile.

RESULTS

Primary Genome and Proteome Features

Our assembly of the complete genome (Fig. 1) consists of a single
circular chromosome of 777,079 bp with a GC content of 24.9
mole%, low even among the GC-poor mycoplasmas (range 24%-—
40%). We have proposed 635 protein coding sequences (CDSs),
of which 557 (88%) have been validated as expressed proteins by
proteogenomic mapping. Initially, 612 genes were computation-
ally predicted, but four of these were manually removed and one
other gene was added prior to incorporation of proteomic evi-
dence based on homology searches. Subsequently, 26 additional
genes were added through proteomics to reach the total of 635.
Of these proteins, 463 could be placed into clusters of ortholo-
gous groups (COGs) via homology search (Tatusov et al. 2000).
M. mobile contains a single copy each of the 165-23S-5S ribo-
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somal DNAs. The 5S rDNA is not located within the 165-23S
rDNA operon, as is the case in M. pulmonis (Chambaud et al.
2001). Interestingly, it is located ~180° away (with respect to the
circular chromosome) from the conserved 165-23S rDNA, sug-
gesting a major genome rearrangement may have taken place
about this axis (see Fig. 1). We have found evidence for 28 tRNA
genes, the fewest of any organism yet reported (see Supplemental
tables of RNA and Codon Usage; Chambaud et al. 2001). We have
also located one copy each of the genes for the 4.5S SRP-RNA, the
ribonuclease P RNA component, and the tmRNA in the genomic
sequence. No insertion sequences (ISs), transposons, or endog-
enous plasmids were found in the genome, although the pres-
ence of these elements has been reported in several other myco-
plasma genomes (Sasaki et al. 2002; Papazisi et al. 2003; Westberg
et al. 2004).

We have assigned the origin of replication based on homol-
ogy to other mycoplasma genomes (Cordova et al. 2002; Lartigue
et al. 2003). The conserved gene order rpmH — dnaA — dnaN is
present as is observed in M. pulmonis and several other mycoplas-
mas. In this case there also is a copy of the presumed major
surface antigen in between rpmH and dnaA (see below). In fol-
lowing the convention of M. pulmonis, we have numbered as base
1 the first nucleotide after the stop codon of the gene immedi-
ately preceding dnaA (Chambaud et al. 2001). M. mobile lacks any
clear dnaA-boxes upstream of the dnaA or dnaN genes, but this is
not unusual and also is observed in Mycoplasma pneumoniae and
Mycoplasma genitalium (Lartigue et al. 2003). A plot of the cumu-
lative GC-skew (Fig. 1) also suggests that the origin
should be localized to the dnaA region.

Because we were able to collect and analyze
proteomic data concurrently with genome sequenc-
ing, we have good evidence for many of the proteins
that we predict for this genome (Fig. 2; Supplemen-
tal Gene Table). As always with a novel genome,
there are a fair number of “unknown” proteins that
have no homologs or have dubious functionality
based on homology searches, but now with pro-
teomics we have verified that many of them are ex-
pressed. Hence, we have adopted a controlled vo-
cabulary in annotating these “unknowns.” Pre-
dicted proteins for which there are no proteomic
B8  data are annotated as “hypothetical” or “conserved
= B hypothetical” if there is supporting evidence of ho-
= mology in other species. Proteins for which we do
have proteomic evidence but little functional infor-
mation are usually annotated as “expressed protein
of unknown function.” In our annotation scheme,
the word “putative” refers only to the presence of a

particular functionality, and never to the existence
, of the protein or not. Because GenBank does not yet
have a facility for integrating proteomic data into
genome annotation, we have provided a summary
of proteomic evidence for each protein in the
“note” field of the GenBank annotation, where we
specify the number of unique peptides detected for
the protein and the percent coverage by amino acid
sequence for the protein. Full proteomic coverage
can be viewed interactively at http://

Figure 1 Circular genome plot. Ring definitions, from outermost to innermost: Pre-
dicted proteins colored by reading frame on the plus strand (red, green, blue are forward
frames); predicted proteins colored by reading frame on the minus strand (cyan, ma-
genta, and yellow are reverse frames); RNA coding features (red: tRNAs; blue: rRNAs;
magenta: RNAse P RNA; green: tmRNA; cyan: 4.5S SRP RNA); GC content (calculated
using a 5000-bp window sliding 100 bases at a time, see plot for range, height of trace
proportional to deviation from 25% GC); cumulative GC-skew (calculated using a 5000-
bp window sliding 100 bases at a time, see plot for range, height of trace proportional to
deviation from 0) as in Grigoriev (1998).
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www.broad.mit.edu/annotation/microbes/
mycoplasma/.

General features of the proteome closely mir-
rored those in M. pneumoniae (Jaffe et al. 2004a). As
mentioned earlier, at least one peptide was observed
for 88% of the predicted coding regions. Two or
more unique peptides were observed for 517 of the
open reading frames (ORFs), and on average se-
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quence coverage for those proteins that were detected was >40%.
Some peptides were observed that were degenerate in sequence to
multiple highly similar proteins, such as the Irp proteins (see
below), but no protein was identified on the basis of degenerate
peptides alone. Consistent with M. pneumoniae, a greater fraction
of “well-annotated” proteins were detected than “poorly anno-
tated” ones. We used the COG (clusters of orthologous groups)
functional category classification where possible in deciding
whether a gene was “well-annotated” or not, although 172 genes
were manually assigned COG functional categories for purposes
of this analysis (http://www.ncbi.nlm.nih.gov/COG/). Poorly an-
notated proteins were considered to be any protein automatically
assigned to COG category R (general functional prediction only)
or S (unknown function), or those proteins that were unmatched
to COGs but were manually assigned these designations based on
the lack of homologous proteins with any assigned function. The
remaining proteins were considered to be well-annotated, having
COGs or relatively clear functional predictions assigned to them.

We detected 94% of well-annotated proteins but only 76%
of poorly annotated proteins. In fact, the proposed gene products
not detected by proteomics are functionally enriched for the “un-
known function” category of annotation (55% of all undetected
ORFs belong to COG category S, p-value =1 x 10~ ? for func-
tional enrichment using the hypergeometric distribution
method; Sokal and Rohlf 1995). This suggests that there are prob-
ably some gene calls made in our annotation that do not repre-
sent bona fide genes. Interestingly, predicted genes not detected
by proteomics tended to be shorter in amino acid length than
those that were (undetected genes’ mean length: 237.4 amino
acids + 157.4 SD; detected genes’ mean length: 388.3 amino ac-
ids + 332.8 SD; p-value = 0.0001 using the Student’s t-test). This
disparity may be related to the fact that shorter proteins have
theoretically fewer peptides available for detection. We consid-
ered throwing out all gene calls without proteomic evidence but
chose to err on the side of inclusiveness for several reasons. First,
there are some proteins that are likely to be present in the cell
(such as the RNAse P protein component) that were not detected
by proteomics. In our previous study on M. pneumoniae, this pro-
tein was identified but only by a single peptide covering 8.5% of
the protein sequence. Low coverage can be an indicator of low
protein abundance. Another reason for failing to detect a protein
or having low protein coverage can relate to difficulty in solubi-
lizing a particular class of protein. We failed to detect several
proteins annotated as ABC permease components and transport
proteins that are often associated with the membrane, a class of
protein that has been historically troublesome to detect, but we
are hesitant to discard these gene calls.

Several other “named” genes were not detected by proteom-
ics. As with M. pneumoniae, the Holliday-junction helicases ruvA
and ruvB were not detected. One copy of RNAse H II was not
detected, but a second copy was, thus its functionality is clearly
present. As well, M. mobile’s copy of ribosomal protein L36 (rpm])
was not detected, but this particular gene has a suspicious phy-
logeny despite its conserved gene order with M. pulmonis and M.
pneumoniae (see below). The rpm] protein was detected in M.
pneumoniae, but this protein is extremely small and missing it
could have simply been an unlucky happenstance. Curiously,
ATP synthase subunit C (atpE) was not detected although its pres-
ence in vivo is assumed.

Twenty-six proteins that were not computationally pre-

Table 1. Functional Analysis of Predicted Proteins

Number % of

COG category of proteins  total

Energy production and conversion 29 4.6%
Cell division and chromosome partitioning 2 0.3%
Amino acid transport and metabolism 19 3.0%
Nucleotide transport and metabolism 21 3.3%
Carbohydrate transport and metabolism 51 8.0%
Coenzyme metabolism 15 2.4%
Lipid metabolism 9 1.4%
Translation, ribosomal structure,

and biogenesis 104 16.4%
Transcription 17 2.7%
DNA replication, recombination, and repair 58 9.1%
Cell envelope biogenesis, outer membrane 45 7.1%
Cell motility and secretion 10 1.6%
Posttranslational modification, protein

turnover, chaperones 19 3.0%
Inorganic ion transport and metabolism 14 2.2%
Secondary metabolites biosynthesis,

transport, and catabolism 6 0.9%
Signal transduction mechanisms 14 2.2%
General function prediction only 43 6.8%
Function unknown 159 25.0%

For genes that could be placed in clusters of orthologous groups
(COGs), the functional category was automatically determined. For
genes that did not match to COGs, the gene was assigned to a COG
category manually, with the majority of such cases being assigned to
the “Function Unknown” category. For genes with more than one
COG category, only the first one (in alphabetical order) was used.

dicted were detected by proteomics (identification methods for
each gene call can be seen in the Supplemental Table of Compu-
tational and Proteomic Predictions). There was no detectable size
or functional category bias to these proteins, but eight of the 26
were <100 amino acids. Thirty-nine additional modifications
were made to the start codons of computationally predicted
genes based on proteomic evidence. This represents a net 10%
modification to genome annotation based on incorporation of
proteomics into gene modeling, and the additional 26 proteins
represent 2.1% of the total genome coding capacity. Of the 608
genes originally predicted by computational methods, 531 were
supported by proteomic evidence (84%). Of the 11,825 position-
ally unique peptides used to construct the proteogenomic map
for M. mobile, 96.7% were mapped onto computationally pre-
dicted genes whereas the remainder provided the basis for the
additional 26 ORFs. No detected peptides conflicted with a com-
putationally predicted gene in terms of translational frame, how-
ever, and thus no computationally predicted genes were removed
based on proteomics.

We searched for possible phosphorylation (on serine, threo-
nine, or tyrosine), methylation (on lysine, aspartic acid, or glu-
tamic acid), and acetylation (on lysine) of proteins by varying our
SEQUEST search strategy accordingly. We did not detect any con-
vincing posttranslational modifications by proteomics, although
the data may be reanalyzed more thoroughly at a later date. This
is in contrast to M. pneumoniae in which we detected phosphory-
lation of the HPr phosphocarrier protein using similar methods
(Jaffe et al. 2004a). Other aspects of the proteomic experiments
carry through the rest of the analysis of the genome.

Figure 2 Genome features and proteogenomic map. (First row) Genome ruler. (Second row) Special genome features including tRNAs (orange), mvsp
genes (blue), and other features labeled on the figure. (Third row) Coding DNA sequences (CDS), color coded by COG categories automatically assigned
for proteins in COGs, or manually assigned as necessary (color key in lower right corner). CDS not validated by proteomics are marked by an *. (Fourth
row) Proteogenomic map showing detected peptides covering the predicted proteins color coded by reading frame, as in Figure 1.
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Table 2. Phylogenetic Origins of Mycoplasma mobile Proteins

Number
of genes
Distributed in various bacterial lineages 422
Specific to mycoplasma lineages 69
Specific to M. mobile 109
Present in M. mobile and other organisms
but not other mycoplasmas 35
Total 635

The analysis is based on parsing the species origin of BLAST hits
against the nonredundant database of proteins with an E-value
<0.001.

Functional Analysis and Metabolism

A functional analysis of the proteins present in M. mobile is
shown in Table 1. The basic breakdown of proteins into func-
tional categories is similar to other mycoplasmas, with an em-
phasis on transport of compounds and protein synthesis (West-
berg et al. 2004). As is typical of a newly sequenced genome,
one-fourth to one-third of all proteins are without a well-
annotated function. An additional phylogenetic breakdown of
gene lineages is shown in Table 2, which highlights that 109 new
proteins appear unique to M. mobile.

The genome encodes numerous transporters with a wide
range of substrates and possesses some additional transporters of
unknown specificity. Both ATPase Binding Cassette (ABC) and
Phosphoenolpyruvate-dependent System (PTS) transporters are
represented. It appears that M. mobile should be able to transport
and metabolize glucose, sucrose, fructose, maltose/maltodextrin,
xylose, and trehalose as energy sources. This has been shown
experimentally for glucose and sucrose (Jaffe et al. 2004b). Glyc-
erol should also be able to be used as an energy source, but no
specific transporter for glycerol was found. The presence of man-
nose-6-phosphate isomerase (manA) suggests that mannose may
also be metabolized, as is suggested elsewhere (Pollack 2002). As
is common to other mycoplasmas, M. mobile should be able to
produce and use glycogen and starches.

Fermentation of sugars appears to be the only method of
ATP production in M. mobile. A complete glycolysis pathway is
present that terminates in the formation of lactate. Most of the
nonoxidative branch of the pentose phosphate pathway is pre-
sent except for the reaction normally carried out by transaldol-
ase. This is similar to the situation in M. mycoides and other
mycoplasmas, and presumably this function is carried out by an
as-yet-unrecognized protein (Pollack 2002; Westberg et al. 2004).
No portion of the citric acid cycle is present in M. mobile. The
major toxic products from central metabolism are protons that
would acidify the interior of the cell. These are presumably
pumped out by the FyF,-ATPase.

Other ionic homeostases are achieved through a variety of
transporters. Phosphate, formate/nitrite, and cobalt transporters
are specifically observed, as well as the Na*/Ca®* antiporter ecmn27
and the K*/Na* symporter ktrAB. We also note the presence of
mscL, the large conductance mechanosensitive channel for re-
sponse to osmotic stress (Sukharev et al. 1994). The maintenance
of a proton motive force across the membrane of M. mobile has
been documented elsewhere and is presumably achieved through
these genes in combination with the F,F,-ATPase and possibly
other contributing proteins that have not yet been identified
(Schiefer and Schummer 1982; Schummer and Schiefer 1983;
Jaffe et al. 2004Db).

As with other mycoplasmas, de novo amino acid and
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nucleotide synthesis is lacking in M. mobile (Pollack 2002). It is
presumed that amino acids are obtained by ABC-type oligopep-
tide transporters followed by proteolytic degradation of the pep-
tides. Extensive nucleotide salvage pathways are also present in-
cluding the conversion of ribonucleotides to deoxyribonucleo-
tides by nrdA. Only a few partial biochemical pathways novel to
the mycoplasmas are present in M. mobile. One step in cobalamin
(vitamin B,,) synthesis is present, as is one step in biotin biosyn-
thesis. This latter reaction is almost certainly the result of lateral
gene transfer (see below). Partial pathways for phospholipid bio-
synthesis, riboflavin/FAD/FMN synthesis, formyl-THF biosynthe-
sis, (deoxy)ribose phosphate utilization, pantothenate and fatty
acid biosynthesis, and UDP-glucose interconversion are also de-
tected.

A variety of DNA restriction/modification system enzymes
are detected in M. mobile. This may account for their recalcitrance
to genetic manipulation via transposon mutagenesis (J. Jaffe, un-
publ.; M. Miyata, pers. comm.) even though it is a popular mu-
tagenesis technique in other mycoplasma species. A similar ob-
stacle was overcome in Mycoplasma arthritidis by using an appro-
priate DNA modification enzyme to circumvent that species’
endogenous restriction enzymes (Voelker and Dybvig 1996). It is
assumed that these systems are active, because many of them are
expressed at the protein level as verified by proteomics.

Long Repeat Region

The genome contains a novel feature for bacteria that made as-
sembly of the genome difficult. An integral unit of ~2435 bp is
repeated five times within a short span of genome sequence from
coordinates 24,799 to 38,314 that range from 94% to 97% se-
quence identity at the DNA level (Fig. 3). The five repeats are
interrupted by one abortive/divergent instance of the repeat unit
after the initial repeat (from 5’ — 3’), where a new repeat begins
but diverges into unrelated sequence after ~430 nt. The divergent
sequence persists for about 900 more nucleotides before a new
instance or the repeat begins. Then there are four tandem repeats
of the repeating sequence. We have demonstrated via proteomics
that these repeats code for proteins that are expressed, and have
named them IrpA-IrpE (for long repeat protein), with IrpAbor sig-
nifying the potential coding region of an abortive instance of the
repeat, which may not be expressed. Moreover, slight coding
differences at the protein level have allowed us to conclude that
each of the five repeat proteins is uniquely expressed—that is,
five slightly different isoforms of the same protein are present in
the cell all at once (see Fig 3, colored boxes). BLAST searches did
not yield any homologs to the Irps in other organisms (Altschul
et al. 1997). Other sequence/motif analysis tools (e.g., PROSITES-
can, TMPRED) similarly yield little information about these pro-
teins (Hofmann and Stoffel 1993; Sigrist et al. 2002). They appear
to be globular cytoplasmic proteins, and the degree of proteomic
sequence coverage suggests that they are as abundant as the av-
erage M. mobile protein in the cell.

The meaning of these repeated sequences is unclear. Because
of the orientation and the site of the truncation of the abortive
repeat, it appears that the repeats are generated from 5’ to 3’ on
the plus strand, possibly by polymerase slippage during replica-
tion or by replication stalling with subsequent upstream reprim-
ing by the leading strand. Yet the proteins that these sequences
encode are transcribed from the minus strand of the genome. At
~20 mole%, this region of the genome is also even lower in GC-
content than the rest of the genome. Southern blot experiments
(data not shown) indicate that the number of repeats is stable
over several passages in culture in a population. Only a single
14.9-kb band was visualized when a Bbvl restriction digest de-
signed to cut around the repeat region was probed with a se-
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lrpB EEERILVSPLLNKDLSIPRNAVEHIELIKE ISRNNVSEIDLEY TEETIQDRLGTLGI DNHES-YTTMY SOWETSIPTQERLDSILOQYQKQ ~ 2
leph I LVSPLLNKDLSIPRNALEHIELIKEISRNNVSQINIRY TKET IQDRLNALS I ONQFN-YTTMY SOWFTSIPTQERLDLILQSDEQ - 17
1rpE SSAYRLLVGLENANLSPEDLVPNDYAGSFFVDATYNNINPETF TTENGEFFLLEKKORADNNGFDYTYLIRTNTSRVKFDIDENVNREEFT - 264
1rpD EENER [ GLENANLSPEDLVENDYAGSFFVDATYNN INPETFTTENGFFLLEKKORADNNGFDY TYLIRINTSR VKFDIDENVNREEFI — 263
lrpC SEAYRLLVGLENANLEPEOLAPNDY AGSFFVEATYNNTNPETF TTENGFFLLEK KORADNNGFDYTYLIRI N'TSRVKFDIDENVNREEFT - 263
l:pEl FEAYRLLVGLENANLSPEDLYVENDY AGSFEVEATYNNTNPETFTTENGFFLLEKKQRADNNGFDYTYLIRINTSRVKFDIDENVNREEFT - 262
lrpa SEAYRLLVGLENANLSPEDLAPNDY TGSFFVEATYNNTNPETFTTENGFFLLEEKQRADNNGFDYTYLIRINTSRVKFDIDENVNREEFT - 268
1rpE NKINNPINLROMEYSODFFERY FNTQENRLAKNELEILLEKLSIKNELGNLSIPKLDLFVKNDVNLEIEDRFFIDVEYDDTY INCKINN - 354
1rpD NKINNPINLROMEYSQDFFKRY FNTQENR LARNELEILLEKLSIKNELGNLSIPKLDLFVENDVNLEIEDRFFIDVEYNDTY INQKLNTR - 353
1rpC NKINNPINLROMEYSQDFFERY FNTOENR LAKNELEILLEKLSIKNELGNLSIPKLOLFVENDVNLKIEDRFFIDVEYDDTY INOKINER ~ 353
lrpB NKINNPINLROMEYSODFFERY FNTOENRLARNELEI LLEKLSIKNELGNLSIPKLDLFVENDVNLEIEDRFFIDVEYDDOTY INQRGNER - 352
lrph NEINNPINLROMEYSQDFFERY FNTQENR LAKNELET LLEKLS IKNELGNLSIPKL.DLFVENDVHNLEIEDRFFIDVEYDDTY INOK N - 358
1rpE SR [ G R R HETLSDI VMK GGONPNLGFVNINYKDLFVEEVPKNITLPNGNVVENFRKTIIRIPMNYFFRELEDNN — 444
lrpD PENSGVVIHTPLEIAKILGERIHKILSDLYMIKGGONPNLGFVNINYKD LFVEKVPKNLTLENGNVVENFRKTIIRIPMNYFFRELEDNN ~ 443
lrpC PENSCVVIHTPLEIEEILGER [ HK 1 L501 YMI K GGONPNLGFVNINYKDLFVEKGPKNLTLPNGNVVENFRKTI IRIPMNYFFRALEDNN - 443
1rpB EFRNSCVVIHTPIEIEETIGER ([ ¥ 1 LD I YMI K GGONPNLGFVNINYKD LEVER Y PEN LT EPNGNVIENFRER TITRIPMNYFFRKLEDNN - 442
lrpa EESEEEEEEE [ CE R HEILSDI YK GGONPNLGFVNINYKD LEVEK Y PENLTLPNGNVVENFRKTIIRIPMNYFFRELEDNN ~ 448
1rpE FNNWVENNLSFNNNIFSVDGI Y TRAQFDANGIILNNVNDFMTTQIKS IEI SKSDFITGRANIKINFENVEFSLSEVDROIRTYSHEFLTP — 534
lxpD FNNWVENNLSFNNNIFSVDGIYTRAQFDANGIILNNVNDFMTTQIKS IEISKESDFITGRANIKINFENVEFSLSEVDROIRTYSHEFLTP — 533
lrpC FHNWVENNLSFNNNIFSVDGIY TRAQF DANGI I LNNVNDFMTTOIKS IET SKSDFITGRAN IKINFENVEFSLSEVDRQIRTYSHEFLTP — 533
lrpB FHNNWVENNLSFNNNIFSVDGIYTRAQFDANGII LNNVNDFMTTQIKS IK I SKSDFITGRAN IKINFENVEFSLSEVDRQIFINSHERETE - 552
lrph FNNWVENNLSFNNNIFSVDGIYTRAQFDANGII LNNVNDFMTTOIKS IEISESDFITGRAN IKINFENVEFSLSEVDRQIRTYSHEFLTP - 538
lrpE FNSFKAVNINNNSSYPKWVNANNNFFAIDGMY LNKDLRFTGLNFENPEIEKT [DSTE SN SDILNGSANIKINFNRTILOLIEKGFEFFN — 624
lrpD FNSFKAVNINNNSSYPKWVNANNNFFAIDGMYLNKDLRFTGINFENPEIEKT DS TETSHSDILNGSANIKINFNRTILOLIEKGFEFFN — 623
lrpC FNSFKAVNINNNSSYPKWVNANNNEFAIDGMYLNKDLRFTGLNFENPEIEKT [ DS1EISNSDILNGSANIKINFNRTILOLIEKGFEFEN — 623
lrpB ENSERAVNINNNSSYPKWVNANNNFFAIDGMY LNKDLRFTGLNFENPEIEKT [ D5 181 SNSDILNGSANIKINFNRITLOLIEKGFEFEN ~ 622
lrph FNSFKAVNINNNSSYPKWVNANNNFFAIDGMY LNKDLRFTGLNFENPEIEKT [ DS 1EISNSDILNGSANIKINFNRT ILOLIEKDFEFFN ~ 628
1rpE SFETKGFONFDSSKMKME INNKITPENET FSRNNKS IEEFEKELALKGLIISDLEYLSKINFLETYEANKTNGSAKTRIOWNLVNEFNTN — 714
1rpD SFEIKGFONFDSSKMKME INNKITPENEI FSRNNKSIEEFKKELALKGLIISDLEYLSKINFLEIYEANKANGSAKIRIQWNLVNEFNTH — 713
1lrpC SFEIKGFPNFDSSKMEME INNKITPENE T FSRNNKS IEEFKKELALKGLIISDLEYLSKINFLEI YEANKANGSAKIRIOWNLVNEFNTN — 713
1rpB SFEIKGFQNFDSSKMKME INNKITPENET FSRNNK KELALKGLIISDLEYLSKINFLEIYEANKTNGSAKIRIQWNLVNEFNTN - 712
lrpha SFEIKGFONFDSSKMEME INNKITFENEI FERNNES IEEFKKELALKGLIISDLEYLEKINFLEI YEANKANGSAKIRIQWNLVNEFNTN - 718
lrphbor LRKKLEVFNKITPENEI FSRNNKEIEEFKKELALKGLITISDLEYLSKINFLEI YEANKTNGSAKIRIQWNLVNEFNTN - 78
1rpE VVNNEITNEDFILNQDLGLVLGFDVLINNNLPVIIGSISASFLVVAITSFSLWKESTKSKERSSENKL - 780
1rpD VVNNEITNKDFTLNQDLGLVLGFDVLINNNLFVIIGSISASFLVVAITSFSLWKSTKSKRS SKNKL - 779
lrpC VYNNEITNKDETLNODLGLVLGFDVLINNNLPVIIGS ISASFLVVATI TSFSLWKFTKSKKSKK - 776
l:pEl VVNNEITNEDFILNQDLGLVLGFDVPTHNNNLAI IVGSISGAFLAFAIVSFSLEKFIKSKEKSKE - 775
lrpa VVHNNEITNEDF I LNQDLGLVLGFDVLINNNLPVIIGSISASFLVVAITSFSLWKFIKSERSEER - 781
lrphbor VVNNEISEEDFTLNQDLGLVLGFDVPTNNNLAI IVGSISDAFLAFAIVSFSLREFIKSKEKSEK - 141

Figure 3 Long repeat region. (Top) High-resolution view of the “long repeat region” of the M. mobile genome showing repeat arrangement and the
Irp genes. (Bottom) Multiple sequence alignment of the Irp proteins showing all peptides detected by proteogenomic mapping (bold italic sequence)
and those peptides that help to establish unique expression of that particular Irp protein (highlighted in color). Multiple alignments performed with
CLUSTALX (Thompson et al. 1997).

quence targeted to all of the repeat regions. Coincidentally, these that either homologous recombination that would result in
experiments allowed us to fix the number of full repeats in the “looping out” of the repeats occurs at only a low level in M.
genome at five and complete its assembly. This finding indicates mobile or that this region is somehow protected from that type of
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recombination. M. mobile should be capable of homologous re-
combination, as it possesses and expresses the recA gene (Cassuto
et al. 1980). If these repeats were generated by simple duplica-
tion, it might have been a relatively recent event in the evolu-
tion of M. mobile. Alternatively, recombination-based DNA repair
might be used to keep the sequences from diverging very much.
We also note the proximity of this sequence to the putative ori-
gin of replication (only 24,799 bases from base 1), but can only
speculate that it may be somehow involved in replication.

Putative Major Surface Antigen

M. mobile also contains a more familiar set of repetitive elements,
namely, a presumed variable surface antigen. There are 16 copies
of the element throughout the genome (marked as a special ele-
ment in Fig. 2), which have been named mvspA through mvspP
(for mobile variable surface protein). Eleven copies (mvspB
through mvspL) are located in a tight cluster from bases 398,037
to 430,685, with only a few intervening genes (see Fig. 2). An-
other small cluster (mvspM through mvspO) is located from bases
746,365 to 750,245. Every copy is oriented on the minus strand
of the genome except for mvspA and mvspP. They range in size
from 105 amino acids for mvspG to 2002 amino acids for mvspl.
The mvsp proteins contain predicted transmembrane helices, and
some have an additional lipoprotein attachment motif as defined
in PROSITE (Sigrist et al. 2002). The mvsps are basically unique to
M. mobile, although two homologs are detected in M. pulmonis by
BLAST search (mvspB is most similar to gi 15829140 [31% iden-
tity over a 207-amino-acid stretch], and mvspE is most similar to
gi 15828908 [23% identity over a 478-amino-acid stretch]). The
mysp proteins are quasirepetitive and can often be aligned to
each other in multiple registers. The peptide motif NGVxFxL
(where x represents one of multiple possible amino acids) seems
to repeat multiple times in the various mvsp copies.

Many mycoplasmas have a major antigenic protein of
which there are multiple copies with variable sequences present
in the genome, one of which is expressed at a given time. For
example, M. pulmonis has the vsa proteins and M. pneumoniae has
the P1 protein present many times each in the genome (Him-
melreich et al. 1996; Chambaud et al. 2001). In the case of M.
pulmonis, a promoter sequence is moved from copy to copy of vsa
to effect antigenic switching (Bhugra et al. 1995; Shen et al.
2000). In M. pneumoniae, it is believed that homologous recom-
bination transfers different variants of the P1 gene into an ac-
tively transcribed locus (Kenri et al. 1999). The net effect is that
only one variant of the surface antigen is expressed at a time, and
thus switching the variant from time to time can help to evade
the host’s immune system. However, we have proteomic evi-
dence that almost all of the mvsp proteins are concurrently ex-
pressed in a culture. Thus, it is possible that a single cell is ex-
pressing multiple mvsp variants simultaneously or that different
subpopulations in the culture each express a single variant but
analysis of a batch culture results in detection of multiple vari-
ants. Our inclination is that the former case is correct because the
other mycoplasmas discussed earlier do not seem to lose the abil-
ity to suppress the multiple copies of their major antigen after
extended periods of culture. Although the mechanism of viru-
lence is not well characterized in M. mobile, the genome also
contains copies of the P46 antigen from Mycoplasma hyorhinis
(MMOBO0150), a transporter protein with known antigenic prop-
erties (MMOBO0360), and an o-sialoglycoprotein endopeptidase
(MMOB1300) that might be involved in antigenicity or virulence.

Other Genes Present in Multiple Copies
There are 63 genes (~10% of the total) present in tandem, mul-
tiple, operonic, or near-tandem duplications (this includes the Irp
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and myvsp clusters; see Table 3). This rate is somewhat higher than
in M. pulmonis (M. mobile’s closest fully sequenced relative),
which has only 54 of its 782 genes (~7%) present in regions that
appear to have arisen from duplication (including the vsa genes;
Chambaud et al. 2001). Interestingly, these two genomes share
only three pairs of duplicated genes. Each organism has a pair of
cbiO (cobalt transporter), mldB (multidrug/protein/lipid trans-
porter), and COG0595-like genes (predicted hydrolase of the
metallo-B-lactamase superfamily) in close proximity to each
other. For the first two pairs, they are tandem duplications in
both organisms; for the final pair, it is a tandem duplication in M.
pulmonis, but two genes have been inserted between the M. mo-
bile copies. This suggests that these particular duplications are
ancient in the mycoplasma lineage. Indeed Mycoplasma penetrans
and M. pneumoniae share the tandem duplications of chiO and
mldB in their genomes (Sasaki et al. 2002). Overall, the pattern of
tandem duplications suggests a mechanism of rapid differentia-
tion among the mycoplasmas. Based on phylogenetic tree branch
lengths and calculated mutation rates of 16S rDNA of the myco-
plasmas, M. pulmonis and M. mobile probably shared the last com-
mon ancestor (LCA) ~190 million years ago (Mya; Maniloff
2002). It seems that both organisms have an affinity for tandem
duplications in the genome, but the targets for such events were
random. This affinity for tandem duplication may also suggest a
mechanism for generation of the Irp cluster.

Several other duplications of note are present in the M. mo-
bile genome. There are three copies of manB scattered throughout
the genome as opposed to one in M. pulmonis. There are also mul-
tiple copies of ATP synthase a and B subunits located outside the
main ATP synthase cluster. This feature is shared in common with
M. pulmonis and other mycoplasmas. Again, our proteomics data
show that each copy of ATP synthase a and B is uniquely expressed
based on detected variations at the coding level of the multiple
paralogs. The genome segment containing MMOB0970 and
MMOBO0980 appears to have been duplicated at MMOBS5690 and
MMOBS700. As well, the tandem duplication of MMOB0190 and
MMOBO0200 is repeated at MMOB6040 and MMOB6050—a strange
example of a nontandem duplication of a tandem duplication.

Potential Motility Genes

Although several genomes from motile mycoplasmas have been
sequenced, no genes specifically involved in the force-generation
mechanism of gliding have been revealed (Fraser et al. 1995;
Himmelreich et al. 1996; Chambaud et al. 2001; Papazisi et al.
2003). Moreover, no homologs of genes traditionally involved in
cell motility have been detected in these genomes, and that trend
continues with M. mobile. Some groundwork has already been
done in the search for motility genes. M. mobile mutants with an
altered gliding phenotype have been isolated, and several pro-
teins important for substrate adhesion (a prerequisite for gliding
motility) have been recognized (Miyata et al. 2000). The proteins
P123 (MMOB1020), Gli349 (gliA), and Gli521 (gliB), reside to-
gether in an operon and are implicated in glass binding and
hemadsorption in M. mobile (Uenoyama et al. 2004). The corre-
lation of pathogenicity with motility in the mycoplasmas impli-
cates these genes in pathogenic processes as well. Gli349 and
Gli521 are the two largest proteins coded by the genome, and
their coding sequence accounts for >3% of the genome as a
whole (the average gene accounts for 0.16%). Interestingly, we
did not detect any paralogs or fragments of these proteins else-
where in the genome, although these proteins are so huge that
spurious paralogs will be detected if composition-based BLAST
statistics are not used (Schaffer et al. 2001). This is contrast to the
major cytadhesin of M. pneumoniae (P1) that is present in numer-
ous copies in that organism’s genome (Himmelreich et al. 1996).
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Table 3. Tandem Duplication of Genes in Mycoplasma mobile

Accession Duplicated by Gene Function
Tandem duplications of M. mobile specific genes
MMOBO0190 MMOB0200 MMOB0190 Expressed protein of unknown function
MMOB0220 MMOB0230, Irp clusters Long repeat protein
MMOB0240,
MMOB0250,
MMOB0260,
MMOB0270
MMOB3920 MMOB3940 malE Maltose-binding protein
MMOB3930 MMOB3950 MMOB3930 Hypothetical protein
MMOB3980 MMOB3990 glgC Glucose-1-phosphate adenylyltransferase
MMOB5080 MMOB5090 MMOB5080 Expressed putative lipoprotein protein of unknown function
MMOB5940 MMOB5950 MMOB5940 Expressed protein of unknown function
MMOB6040 MMOB6050 MMOB6040 Expressed protein of unknown function
MMOB6250 MMOB6260 MMOB6250 Expressed protein of unknown function
Tandem duplications of single genes present in Mycoplasma pulmonis
MMOB0420 MMOB0430 MMOB0420 Unspecified transport or permease protein
MMOB0450 MMOB0460, MMOB0450 COF family HAD hydrolase protein
MMOB0470
MMOBO0510 MMOB0520 potD Probable spermidine/putrescine or other ABC transporter
substrate-binding protein
MMOB1140 MMOB1150 MMOB1140 Putative amino acid permease
MMOB1420 MMOB1430 trxA Thioredoxin
MMOB1780 MMOB1790 degV degV homolog
MMOB2840 MMOB2860 hsdM Type | restriction enzyme m protein
MMOB2850 MMOB2870 hsdS Restriction-modification enzyme mpuUVIlls subunit
MMOB3220 MMOB3230, mvsp cluster M. mobile variable surface protein
MMOB3280,
MMOB3290,
MMOB3330,
MMOB3320,
MMOB3330,
MMOB3340,
MMOB3360,
MMOB3370,
MMOB3380
MMOB4890 MMOB4910 pcrAl ATP-dependent DNA helicase
MMOB5810 MMOB5820 pdhC Dihydrolipoamide acetyltransferase
MMOB6070 MMOB6080, mvsp cluster M. mobile variable surface protein
MMOB6090
Tandem duplications present in both M. mobile and M. pulmonis
MMOB4320 MMOB4330 cbiO ABC transporter, ATPase component, possibly cobalt transporter
MMOB5100 MMOB5110 mldB1 ABC-type multidrug/protein/lipid transport system, ATPase component
MMOB6180 MMOB6210 MMOB6180 Predicted hydrolase of the metallo-B-lactamase superfamily or serine

protease

Duplications were identified by BLAST hits against the nonredundant database of proteins plus the 635 predicted ORFs from M. mobile with an
E-value <0.001. Duplications are separated into categories by phylogenetic lineage.

It has also recently been demonstrated that motility in M. mobile
is powered by ATP, and therefore any proteins with ATPase func-
tionality might be interesting as motility gene candidates (Jaffe et
al. 2004b).

There are now several motile and immotile mycoplasmas
that have had their genomes sequenced, and we attempted a
comparative genomic analysis to search for potential motility
proteins. We searched for several patterns that might indicate a
gene’s relevance for motility. According to the literature, M. pneu-
moniae, M. pulmonis, M. genitalium, and Mycoplasma gallisepticum
all possess the ability to locomote, although the latter appears to
do so extremely slowly (Kirchhoff 1992). At the time of this writ-
ing, we also had available annotated genome sequences for the
immotile mycoplasmas Mycoplasma mycoides mycoides SC, Ure-
aplasma parvum (formerly U. urealyticum), Mesoplasma florum, and
M. penetrans (Glass et al. 2000; Sasaki et al. 2002; Westberg et al.
2004; Me. florum courtesy of Tom Knight and Nicole Stange-
Thomann). We performed BLAST searches against the nonredun-

dant database of proteins (plus Me. florum proteins) as of March
5, 2004, and identified orthologs of M. mobile genes present in
other fully sequenced mycoplasmas with E-values of 1 X 102 or
less. The simplest case would be to find M. mobile genes that are
present only in the motile mycoplasmas and absent from the im-
motile ones, as defined above. Unfortunately, no genes met these
criteria. From these results, we conclude that this simple “present/
absent” model is insufficient to identify motility genes in M. mobile.

We then reanalyzed the data under the premise that ances-
tral motility genes might be present throughout the mycoplas-
mas, but mutation might have specifically inactivated them in
the immotile ones. Because we hold M. mobile as the paradig-
matic motile mycoplasma, we attempted to look for M. mobile
genes that were phylogenetically clustered with genes from the
other motile mycoplasmas and more divergent from their or-
thologs in the immotile species. We used a rudimentary form of
nearest-neighbor clustering termed the “Group Phylogenetic
Bias” (see Methods for details). In this case, the two groups con-
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Table 4. Motile Group Phylogenetically Biased Genes

Motile group os above
Accession Gene Putative function phylogenetic bias® mean
MMOB3970 algA a-Glucosidase 98.95 7.3
MMOB2720  secDF secD- and secF-like type Il secretion system protein 70.55 5.1
MMOB2030  glck Similar to sugar-related transcriptional regulator but lacks DNA-binding domain 49.13 3.5
MMOB2860  hsdM Type | restriction enzyme m protein 39.29 2.7
MMOB3120 pncB Nicotinic acid phosphoribosyltransferase 36.87 2.5
MMOB3310 pgm Phosphoglycerate mutase 35.66 2.4
MMOB4610 MMOB4610 Type I restriction modification system methylase 35.56 2.4
MMOB2840  hsdM Type | restriction enzyme m protein 35.41 2.4
MMOB1730 MMOB1730 Predicted signaling protein 34.87 2.4
MMOB2040 MMOB2040 Unspecified permease of the major facilitator superfamily 34.2 2.3
MMOB0670 mgpA mgpA-like protein 33.76 23
MMOB4580 chrA2 Chromate transport protein 32.7 2.2
MMOB2280 MMOB2280 Expressed protein of unknown function 31.66 2.1
MMOB5840  pdhA Pyruvate dehydrogenase E1 component, o subunit 31.22 2.1
MMOB4490  pgk/oppD Bidomainal protein: phosphoglycerate kinase/ABC transporter ATPase 31.1 2.1

2See Methods section for description of the Group Phylogenetic Bias score.

sidered are the Motile Group and the Immotile Group, as defined
above. We used the BLAST E-value as a surrogate for phylogenetic
distance of each M. mobile gene to orthologs in the other myco-
plasma species discussed above (i.e., a lower E-value implies a
closer phylogenetic relationship). Table 4 shows the high-scoring
Motile Group Phylogenetic Bias genes. Several interesting candi-
dates are identified by this method.

The second highest-scoring gene is secDF, part of the protein
secretion apparatus. This is notable because it is likely to be lo-
calized to the membrane in the cell and, in combination with
secA and secY, hydrolyzes ATP to translocate proteins across the
membrane. One hypothesis might be that M. mobile has a spe-
cialized sec system that effects motility rather than secretes pro-
teins. However, the only other member of the Motile Group to
have secDF is M. pulmonis, which means that a specialized sec
system would not be a universal effector of motility in the my-
coplasmas. Those in the M. pneumoniae branch would require a
separate mechanism. A specialized sec system might also indicate
that protein extrusion plays a role in motility, analogous to the
slime extrusion hypothesis for some cyanobacteria (Hoiczyk and
Baumeister 1998).

Another interesting candidate is MMOB2040, which is an-
notated as an unspecified permease of the major facilitator super-
family. Again, this would be a membrane protein that would
have the capability of ATP hydrolysis when coupled to other
permease subunits. In contrast to secDF, this protein is found in
the motile mycoplasmas M. genitalium, M. pneumoniae, and M.
pulmonis and the immotile species M. penetrans and M. mycoides.
Because its permease specificity is ambiguous based on homology
to other transporters, one can again imagine that its activity
might be altered to provide a motility function.

Yet another noteworthy gene is the mgpA gene. This gene
was originally identified as a major antigen and cytadhesin in M.
genitalium, but every sequenced mycoplasma genome so far has
revealed an ortholog (Hu et al. 1987). Given its pre-existing as-
sociation with surface adhesion, a prerequisite for gliding motil-
ity, we found it interesting that the sequence of this protein was
more conserved among the motile mycoplasmas. In a multiple
sequence alignment of mgpA genes from all nine sequenced my-
coplasmas, those sequences from the motile mycoplasmas
clustered together. This result lends further support for mgpA
as a motility-associated gene. mgpA belongs to the DHH family
(named after a characteristic amino acid sequence motif) of
predicted phosphoesterases (with polyphosphatase activity),
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which includes processive enzymes like DnaJ (Sutera Jr. et al.
1999). Could this protein be used to generate force required for
motility? DHH family phosphoesterases are not known to use
ATP, but ATP might be used to build a polyphosphate substrate that
is subsequently hydrolyzed by mgpA during force generation.

We attempted one other approach to search for motility
genes in the mycoplasmas, which we term the “required core set”
hypothesis. If the mechanism of motility is the same among the
motile mycoplasmas, then they should all contain a core set of
genes that potentiates motility. The immotile mycoplasmas
might have one or more members of the core set, but not all of
them. There are 52 genes shared by all the motile mycoplasmas
where at least one of the immotile species lacks it. This list was
then reduced by eliminating any genes that had an obvious func-
tional assignment that seemed unlikely to contribute to motility.
The remaining set of 12 genes is shown in Table 5, and fulfills the
requirement that each of the immotile mycoplasmas could have
one or more but not the complete set of these genes. It might be
relatively easy to test the hypothesis that any one of these genes
is required for motility by obtaining a suitable deletion in any of
the mycoplasmas with amenable genetic tools, or conversely by
adding back the putatively required components to any one of
the immotile mycoplasmas by similar means. We note that an-
other mgpA homolog (different from the one suggested by the
previous analysis) is suggested by this method, further implicat-
ing it in motility.

Lateral Gene Transfer and Atypical Gene Phylogeny

M. mobile contains 35 genes that have homologs outside of the
mycoplasmas but none within them (see Table 6 and Supplemen-
tal Table of Ambiguous Gene Phylogenies). These may be genes
remaining from the last common Gram-positive ancestor (LCA)
of the mycoplasmas before the onset of reductive evolution, or
they may be genes inserted into M. mobile by lateral transfer. Of
the 35 genes, 22 have a clear Gram-positive ancestry, and there-
fore they may be vestiges of the LCA. However, for two of them,
bioF (MMOBS5780) and wcaG (MMOBS5790), sequence similarity
to the closest Gram-positive is too good to represent a divergent
copy of the gene after reductive evolution. These genes have 84%
conserved residues (69% identity) over their entire sequence
length to their ortholog in Enterococcus faecium (average hits to E.
faecium are 45% = 16% conserved, 28% = 12% identical), and
are adjacent in genomic sequence just as they are presumed to be
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Table 5. Possible “Core Set” of Motility Genes

Conservation pattern

Mycoplasma  Ureaplasma Mpycoplasma Mesoplasma
Gene Function penetrans parvum mycoides florum
MMOB0420 Unspecified transport or permease protein J v
MMOB0430 Unspecified transport or permease protein v v
MMOB1310 Expressed protein of unknown function v J/ v
MMOB1700 Conserved expressed protein of unknown function, possibly J v J
protein prenyltransferase
MMOB1730 Predicted signaling protein consisting of a modified GGDEF v N v
domain and a DHH domain (mgpA homolog)
MMOB1910 Conserved expressed protein of unknown function J v v/
MMOB3070 Expressed protein of unknown function J v J
MMOB3080 Expressed protein of unknown function v v
sua5 (MMOB3710)  Putative translation factor v v
mraZ (MMOB3790) Expressed protein of unknown function J J/ J
MMOB4550 Expressed protein of unknown function J/
thil (MMOB5890) Putative intracellular protease/amidase and/or v J/ v

4-methyl-5(b-hydroxyethyl)-thiazole monophosphate

biosynthesis protein

Each of the genes listed has an ortholog in all of the motile mycoplasmas, but one or more is missing in each of the immotile mycoplasmas.

in E. faecium (GenBank accessions gi 22992057 and gi 22992058).
Given the promiscuous conjugative nature of the Enterococci, it is
likely that these genes have been transferred to M. mobile via a
direct encounter between the two organisms (Ruffin et al. 2000).

Another convincing example of lateral gene transfer is the
gene cluster consisting of MMOB0940 and MMOBO0950. Both of
these genes have orthologs in Helicobacter pylori, a member of the
e-proteobacteria, although they do not appear as adjacent genes
in H. pylori. They may be derived from an as-yet-unsequenced

Table 6. Lateral Transfer Candidates

Helicobacter species in which this gene order is present. As well,
the latter gene is annotated as a DNA or RNA methylase whose
closest BLAST hit is to a virus of Chlorella, a green algae. The
homology to a viral gene may suggest a mechanism of transfer
from one species to another.

Other candidates for lateral gene transfer and genes with
atypical phylogenies are shown in Table 6 and in the Supplemen-
tal Ambiguous Gene Phylogeny Table. One particularly interest-
ing instance is a gene (MMOBS5030) whose closest homolog is

BLAST
Accession Gene name Function Closest homolog in e-value % GC* CAI® Comment
MMOB0940 MMOB0940 Conserved hypothetical Helicobacter pylori 1Xx10 "  24% 0.654
protein
MMOB0950 MMOB0950 Putative type Il DNA Chlorella virus NY2A 2x10°"  24% 0.659 Also strong homologs in
methylase protein H. pylori
MMOB4460 arsR Arsenical resistance Dechloromonas aromatica 6 X 10~ ¢ 25% 0.661 Stop codon is TGA in
operon repressor Dechloromonas

family protein

ortholog, translated as
Trp in M. mobile

MMOB5030 MMOB5030 Expressed protein of Pirellula sp. 9 X 1032  24% 0.678  Pirellula is an aquatic
unknown function bacterium
MMOB5780  bioF 8-Amino-7-oxononanoate Enterococcus faecium 1 X103 30% 0.689  See text
synthase (or related
protein)
MMOB5790  wcaG NAD-dependent E. faecium 1 X 10" 30% 0.717  See text
nucleoside-diphosphate-
sugar epimerase
MMOB5850 MMOB5850 Conserved hypothetical Rickettsia rickettsii 3 X107 19% 0.739 Has some homologs in
protein Gram-positive
(including M. penetrans)
but best hits are in
Gram-negative
MMOB5990 MMOB5990 Hypothetical protein Ferroplasma acidarmanus 8 X 1072 24% 0.668 F. acidarmanus is an

MMOB6010  udgA UDP-glucose

dehydrogenase

Environmental sequence 5 X 1073 25% 0.781

archaeon

Best named species hit is
Mpycobacterium avium,
also hits in archaea

“The average GC content of M. mobile is 24.9%.

PCAl is the codon adaptation index as calculated by the method of Sharp and Li (1987). The average CAl for a gene in M. mobile is 0.720 + 0.049.

See also the Supplementary Table of Ambiguous Gene Phylogenies.
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found in a Pirellula species, a marine bacterium. This may reflect
an environmental opportunity of M. mobile to acquire new genes
based on its natural aquatic habitat. Another gene’s (MMOBS5990)
closest homolog is found in an archaeon, Ferroplasma acidarmanus.

DISCUSSION

The mycoplasmas are the most deeply sequenced genus to date.
Here, we add not only the genome but also the proteome of M.
mobile. When sequencing a new genome, many new and unex-
pected coding sequences are discovered. It is useful to be able to
attribute these to real protein products at the outset of annota-
tion rather than afterward. We discovered 26 genes only through
proteomics and not through other gene-calling methods. Some
of these genes were small, which suggests a reason that they may
have been missed by gene-calling programs. One example is an
expressed open reading frame (ORF) of 40 amino acids located
between the genes atpG and atpA in the ATP synthase operon. In
light of our proteomic results, we have used a controlled vocabu-
lary and added notes to our GenBank annotation to indicate
which coding sequences are validated as expressed at the protein
level. M. mobile now stands as the organism with the greatest
degree of proteomic coverage (88% of all predicted genes, 40%
average sequence coverage of those detected) of any organism to
date. This represents a new standard in genome sequencing and
annotation and, we hope, will encourage future microbial genome
consortia to include proteomics as an integral part of their efforts.

The importance of proteomics is also demonstrated in the
detection of the multiple unique isoforms of the Irp proteins.
Even with coding identities >90%, proteomic techniques can
make useful distinctions when the data sets are sufficiently com-
prehensive. Proteomics also helped to establish that multiple iso-
forms of the putative major surface antigen are simultaneously
expressed in culture, a key difference from other mycoplasma
species studied so far. We were disappointed not to detect any
posttranslational modifications of proteins, but one advantage of
proteomic data sets is that they can be augmented by exploring
different environmental conditions for cell growth or targeted
experiments designed to capture various protein classes at a later
date (Ficarro et al. 2002). The current data as well as proteo-
genomic and metabolic model updates will be available at http://
www.broad.mit.edu/annotation/microbes/mycoplasma/ and
http://arep.med.harvard.edu/mycoplasma/.

We hoped that the abundance of genomic sequences for
both motile and immotile mycoplasmas would shed light on the
protein components involved in motility in the mycoplasmas.
However, no obvious pattern of genes was detected that sepa-
rated the motile and the immotile groups. We used two strategies
to suggest candidate genes that may be involved in motility.
First, we looked for a phylogenetic bias toward the M. mobile
ortholog of a gene in the motile mycoplasmas and against it in
the immotile species (the Group Phylogenetic Bias). Second, we
looked for a minimal set of genes that were all present in the
motile mycoplasmas but had one or more members missing in
each of the immotile mycoplasmas (the Required Core Set). Us-
ing these methods, we have suggested several genes that might
be involved in motility in the mycoplasmas. We hope that these
predictions can be tested experimentally in the future. To that
end, genomic sequencing has now revealed several DNA restric-
tion/modification systems that might aid in the development of
genetics tools for M. mobile, and has suggested that Enterococcus
might make a good conjugation partner for M. mobile.

However, given the difficulty thus far of identifying motility
genes by comparative genomic methods, we must raise the ques-
tion of whether gliding motility was a common feature in an
ancestral mycoplasma or if it arose more than once in the my-
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coplasma phylogeny. The motile mycoplasmas fall distinctly in
two branches of the phylogeny (Fig. 4; Maniloff 2002). The first
group of M. mobile and M. pulmonis (LCA ~ 190 Mya) falls
roughly into the M. hominis cluster, whereas the members of the
second group of M. genitalium, M. pneumoniae, and M. gallisepti-
cum (LCA ~ 90 Mya) are close relatives in the M. pneumoniae clus-
ter. The LCA of the first and second groups was probably >400
Mya. It is surprising that motility has not been observed in other
members of each cluster. This might be because of lack of ad-
equate observation of other species, selective pressure to lose the
motility apparatus from the genome, or relatively recent inde-
pendent development of motility in the two phylogenetic
branches that contain motile species. Phenotypic differences
support the latter hypothesis. For instance, both M. mobile and M.
pulmonis glide continuously with little or no pausing during mo-
tility (Bredt and Radestock 1977; Rosengarten and Kirchhoff
1987). M. pneumoniae gliding is characterized by short bursts of
motility followed by long periods of stationary adhesion to glass
(Radestock and Bredt 1977). In fact, M. pneumoniae gliding is
most readily observed during cytokinesis, and it has been hy-
pothesized elsewhere that motility might play a role in this pro-
cess (Bredt 1968; Miyata 2002). Here, the genetic evidence also
seems to indicate wide enough differences in motility genes be-
tween the motile species in the two branches that it must be
seriously considered that gliding motility has evolved twice in-
dependently in the mycoplasmas.

Although the search for motility genes is ongoing, we did
discover a surprising and novel proteogenomic element in M.
mobile that is unprecedented in other bacteria. The long repeat
region initially complicated the assembly of this genomic se-
quence, and we were surprised that the repeats, in fact, code for
highly similar yet uniquely expressed proteins. Deciphering the
function of these repeats and their proteins should prove an in-
teresting challenge for the future. This discovery underscores the
reality that there are no “simple genomes” and demonstrates the
value of continuing to sequence the genomes of even the small-
est organisms.

METHODS

Growth Conditions, DNA Isolation, and
Protein Isolation

M. mobile 163K (ATCC 43663) was kindly provided by Makoto
Miyata of Osaka City University, who provided bacterial cultures

M. mobile

M. pulmonis

Me. florum

M. mycoides mycoides SC

M. penetrans

U. parvum

M. gallisepticum

E M. pneumoniae

M. genitalium

0.02
2y

Figure 4 16S rRNA phylogeny of sequenced mycoplasmas. Motile spe-
cies are shown in bold. The Onion Yellows Phytoplasma is omitted be-
cause it was not used in the comparative genomics analysis targeted
toward motility genes. The scale bar represents substitutions per site.
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and expertise. Cultures of M. mobile were grown in 150-mL plas-
tic flasks without shaking in Aluotto medium at 22°C (Aluotto et
al. 1970). For DNA sequencing, cultures were grown to ODg(,
0.15, and DNA was extracted using the Qiagen Genomic Tip sys-
tem (QIAGEN). The average size of the isolated DNA was 50 kb as
determined by pulse-field gel electrophoresis (PFGE). For protein
extracts, cultures were grown to ODg, 0.075 and treated as de-
scribed (Jaffe et al. 2004a).

DNA Sequencing, Assembly, and Finishing

The M. mobile 163K genome sequence was determined by using a
whole-genome shotgun sequencing approach. Random small
and large insert plasmid libraries (2-kb, 4-kb, 6-kb, 8-kb, and 10-
kb inserts) were constructed as described in http://www.
broad.mit.edu/annotation/microbes/mycoplasma/.

Sequence reads were derived from both ends of the inserts to
generate paired-end reads as previously described (Lander et al.
2001; Waterston et al. 2002). Assemblies were generated with a
variety of combinations of read types and assembly parameters
using the ARACHNE software package (Batzoglou et al. 2002;
Jaffe et al. 2003), and the optimal assembly was selected for fin-
ishing.

The optimal assembly was generated with a total of 16,376
reads derived from the 2-kb, 4-kb, 6-kb, 8-kb, and 10-kb inserts
and yielded 12-fold sequence coverage of the M. mobile genome
with a PHRED quality score of =20. After this assembly, there
were 10 gaps spanned by plasmid clones and eight unspanned
gaps. To supplement regions of low coverage and to obtain se-
quence for the unspanned gaps, additional paired-end reads from
all five plasmid libraries were incorporated into the genome as-
sembly. A combination of standard finishing methods including
transposon-mediated sequencing and PCR were applied to close
gaps and to resolve regions of low sequence quality as described
previously (Galagan et al. 2002). The finished M. mobile genome
assembly was validated by PCR, PFGE of genomic DNA singly
digested with the restriction enzymes Avrll, BamHI, BsmBI, and
BstEIl (New England Biolabs), and by comparison of virtual re-
striction enzyme digests (Apal, BamHI, Mlul, and Nrul) of the
assembly to a previously generated physical map of the M. mobile
genome (Bautsch 1988).

Proteogenomic Mapping

Proteogenomic mapping by mass spectrometry was performed as
previously described (Jaffe et al. 2004a), with the following modi-
fications. For these experiments, two complete biological repeats
of the proteogenomic mapping protocol were performed (i.e.,
two separate cultures were extracted for protein and processed).
For each repeat, 1 mg of total cell protein was fractionated by
strong cation exchange chromatography (SCX). LCQ DecaXP
Plus mass spectrometers (ThermoFinnigan) configured for nano-
electrospray ionization were used to collect tandem mass spectra
from subsequent reversed-phase separations of each of 80 SCX
fractions in each repeat. These spectra were searched via
SEQUEST-PVM using 61 processors of a computing cluster
against a six-frame in silico translation of the primary DNA se-
quence determined for M. mobile (Sadygov et al. 2002). Results from
the two repeats were pooled to form a final proteogenomic map.

Annotation and Analysis

Automated gene prediction of the M. mobile genome was per-
formed using the Calhoun annotation system developed at the
Broad Institute (Galagan et al. 2002, 2003). GLIMMER (Delcher et
al. 1999) was run on the whole genome using protein translation
Table 4 to generate an initial set of ORFs. GLIMMER ORFs longer
than 200 bp were annotated as genes if they did not overlap with
an adjacent ORF by more than 30 bp. These ORFs were refined
based on homology to the closest known protein by searching
against the GenBank NR database using BLASTX with threshold
E<1 x 10~ '° (Altschul et al. 1997). Subsequently, proteo-
genomic information was incorporated into the annotation to
validate the expression of the predicted proteins where possible.
Several new ORFs that had proteomic evidence but were not

identified in the initial round of automated annotation were
added at this stage. Start codon differences between the pro-
teomic and sequenced-based models for ORFs were resolved with
the aid of RBSFINDER and multiple sequence alignments from
orthologous genes when possible (Suzek et al. 2001). Every ORF
was then Gapped-BLAST-searched against the nonredundant da-
tabase of protein sequences available at NCBI using a cutoff E-
value of 0.001 and sequence composition-based statistics
(Altschul et al. 1997; Schaffer et al. 2001). RPS-BLAST searches
against the COG database were additionally used to assign COGs
to the proteins where possible (Tatusov et al. 2000; Marchler-
Bauer et al. 2003). E.C. numbers were assigned where applicable
by comparison of the proteins to the KEGG database (Ogata et al.
1999). Results were inspected manually, and final protein anno-
tations were selected. Multiple alignments (when necessary) were
performed with CLUSTALX (Thompson et al. 1997). A controlled
vocabulary was used to reflect the degree of certainty about a
predicted ORF with unknown function (see Results).

tRNA genes were detected by the tRNAscan-SE program
(Lowe and Eddy 1997). tDNA genes were detected by homology
search using BLASTN and other tools (Altschul et al. 1997; Wuyts
et al. 2004). tmRNA, 4.5S SRP-RNA, and RNAse P RNA sequences
were also detected via homology search and subsequent compari-
son to known secondary structure features of these molecules
(Brown 1999; Laslett et al. 2002).

BIOPERL was used in parsing of homology search results and
generation of some figures for this paper (Stajich et al. 2002).
PATHWAY TOOLS and METACYC were used to automatically
generate and visualize a metabolic network map from the anno-
tation that was subsequently refined manually (Karp et al. 2002;
Krieger et al. 2004). Annotation details, analysis results, and the
complete genome sequence are available at http://
www.broad.mit.edu/annotation/microbes/mycoplasma/.

Phylogenetic-Distance Search for Motility Genes

A matrix was constructed in which each row represented one M.
mobile gene and each column was assigned to one of the fully
sequenced mycoplasmas. This matrix was filled with the base-10
logarithm of the E-values obtained in the search described above
where hits were obtained. For each gene, the average of these
log-transformed E-values was taken for orthologs found in motile
and immotile species. The average from the motile orthologs was
subtracted from the average of the immotile orthologs to yield a
surrogate phylogenetic distance score such that genes more
highly conserved among the motile mycoplasmas would have a
positive score (note that the BLAST E-values all had negative
exponents with the stringency criteria that we used). This score is
termed the Motile Group Phylogenetic Bias. The scores were ap-
proximately normally distributed around an average of 4.07 with
a standard deviation of 12.9. We then identified genes >2 (95%
confidence) standard deviations above the mean as candidates
for motility genes.
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